A B S T R A C T Dominant mutations of ATP1A3, a neuronal Na,K-ATPase α subunit isoform, cause neurological disorders with an exceptionally wide range of severity. Several new mutations and their phenotypes are reported here (p.Asp366His, p.Asp742Tyr, p.Asp743His, p.Leu924Pro, and a VUS, p.Arg463Cys). Mutations associated with mild or severe phenotypes [rapid-onset dystonia-parkinsonism (RDP), alternating hemiplegia of childhood (AHC), or early infantile epileptic encephalopathy (EIEE)] were expressed in HEK-293 cells. Paradoxically, the severity of human symptoms did not correlate with whether there was enough residual activity to support cell survival. We hypothesized that distinct cellular consequences may result not only from pump inactivation but also from protein misfolding. Biosynthesis was investigated in four tetracycline-inducible isogenic cell lines representing different human phenotypes. Two cell biological complications were found. First, there was impaired trafficking of αβ complex to Golgi apparatus and plasma membrane, as well as changes in cell morphology, for two mutations that produced microcephaly or regions of brain atrophy in patients. Second, there was competition between exogenous mutant ATP1A3 (α3) and endogenous ATP1A1 (α1) so that their sum was constant. This predicts that in patients, the ratio of normal to mutant ATP1A3 proteins will vary when misfolding occurs. At the two extremes, the results suggest that a heterozygous mutation that only impairs Na,K-ATPase activity will produce relatively mild disease, while one that activates the unfolded protein response could produce severe disease and may result in death of neurons independently of ion pump inactivation.
Introduction
Since the discovery of ATP1A3 mutations in rapid-onset dystoniaparkinsonism, mutations of this gene have been found to produce a range of neurological problems (Rosewich et al., 2017; Carecchio et al., 2018) . Alternating hemiplegia of childhood (AHC) emerges in infancy (0-18 months) (Heinzen et al., 2014; Rosewich et al., 2017) . Early infantile epilepsy and encephalopathy (EIEE) with or without apnea is more severe (Paciorkowski et al., 2015) . Milder ATP1A3 mutations manifest in childhood or adulthood, often after a trigger. Syndromes include rapid-onset dystonia-parkinsonism (RDP), cerebellar ataxia, areflexia, pes cavus, optic nerve atrophy, and sensorineural deafness (CAPOS), relapsing encephalopathy with cerebellar ataxia (RECA) and fever-induced paroxysmal weakness and encephalopathy (FIPWE) (de Carvalho Aguiar et al., 2004; Demos et al., 2014; Dard et al., 2015; Yano et al., 2017; Brashear et al., 2018) . Most known patients fit into discrete syndromes, and some are on a phenotypic continuum. To date, all disease causing ATP1A3 mutations are heterozygous, and when tested usually had loss of function or altered kinetic properties (Holm et al., 2016) .
In the CNS, ATP1A3 is expressed only in neurons, and has critical electrophysiological functions (McGrail et al., 1991; Dobretsov and Stimers, 2005; Benarroch, 2011) . Experimental work has shown that Na,K-ATPase not only restores ion gradients after activity, but powers https://doi.org/10. 1016/j.nbd.2019.104577 Received 18 April 2019; Received in revised form 22 July 2019; Accepted 14 August 2019 afterhyperpolarizations (Kim et al., 2007; Picton et al., 2017) ; impacts burst firing (Vaillend et al., 2002) ; and distributes to dendritic spines (Shiina et al., 2011; Blom et al., 2011) . ATP1A3 appears to be highly expressed in inhibitory neurons, particularly fast-spiking interneurons (Richards et al., 2007; Anderson et al., 2010; Paciorkowski et al., 2015) . In many but not all neurons it is co-expressed with ATP1A1 (Wetzel et al., 1999) . An important functional feature is that α3 has lower intrinsic affinity for sodium than α1, and this allows α3 to respond to transient sodium elevation (Soga et al., 2001; Dobretsov and Stimers, 2005; Azarias et al., 2013) .
The wide range of disease severity seen with ATP1A3 mutations is not yet understood. Many laboratory studies have shown the successful expression of protein with no detectable ATP hydrolysis or pump current, i.e. the pump is inactive. Other mutations of ATP1A3 and of ATP1A2 have detectable activity, and have been extensively studied in Xenopus oocytes, in Sf9 insect cells, and in mammalian cell lines (Friedrich et al., 2016; Holm et al., 2016; Clausen et al., 2017) . Often a reduction of affinity for sodium was seen, which would have little effect on survival of mammalian cell lines when α1 is inhibited, but serious consequences for neuronal physiology when intracellular sodium is elevated (Azarias et al., 2013; Swarts et al., 2013; Toustrup-Jensen et al., 2014) . Studies on neuron-differentiated iPSCs from ATP1A3 patients showed membrane depolarization (Simmons et al., 2018) . Some mutations impair affinity for potassium, the capacity for conformation change, or voltage-dependent properties and proton leaks (Friedrich et al., 2016; Holm et al., 2016; Tranebjaerg et al., 2018) . Dominantnegative effects have been documented (Li et al., 2015) . Reductions in expression level have also been reported, albeit with some variability between laboratories (de Carvalho Aguiar et al., 2004; Heinzen et al., 2012; Holm et al., 2016) .
Examination of the locations of mutations in crystal structures of Na,K-ATPase in the sodium-bound or potassium-bound conformations has shown clustering of~70% of the AHC mutations close to the ion binding sites buried in the membrane domain, whereas few mild phenotypes are associated with mutations there . For most mutations, however, there was no simple correlation between location and phenotype. The aim here was to investigate mutations for their effects on biosynthesis, using isogenic cell lines to facilitate comparisons. Three converging sources of impairment or cytopathology contribute to the wide range of pathogenicity of ATP1A3 mutations.
Materials and methods

Patients
Written, informed consent was obtained from all patients, and research protocols were approved by the Institutional Review Boards of Wake Forest School of Medicine; La Pitié-Salpêtrière University Hospital; the Icahn School of Medicine at Mount Sinai; Children's Hospital Colorado & Denver Health Medical Center, University of Colorado; and the Massachusetts General Hospital. This work did not entail use of human subjects apart from clinical evaluation and DNA testing; those procedures were in accordance with The Code of Ethics of the World Medical Association.
Mutagenesis, transient transfection, and the survival assay
pCMV6-XL5 plasmid containing ATP1A3 cDNA with two mutations conferring ouabain resistance (WT-OR) (de Carvalho Aguiar et al., 2004) was used as template for missense mutations identified in patients (Mutagenex, Inc., Hillsborough, NJ). Transient transfection was performed in HEK-293T, HEK-293, or Flp-In™ T-REX™ 293 cells (Life Technologies) as described (de Carvalho Aguiar et al., 2004; Paciorkowski et al., 2015) . 24 h post-transfection, cells were treated with ouabain at concentrations ranging from just sufficient to kill the host cells that express only endogenous ATP1A1 (0.5 μM) to well-over saturating for ATP1A1 (3-10 μM). The expressed ATP1A3 was ouabainresistant, and so cell survival depended on whether it had enough activity. Cell viability was monitored daily. The assays were performed at least 3 times.
Establishment of stable cell lines
Flp-In™ T-REX™ 293 cells (Life Technologies) were used to generate stable lines expressing mutations of ATP1A3, following manufacturer's protocols. Induction of stably expressed mutant forms of ATP1A3 was with tetracycline (Sigma-Aldrich). The major advantage of the system is that the defined recombination site and isogenic background allows direct comparison of different mutants.
Rates of growth
Flp-In lines were seeded into poly-lysine coated 38-mm 2 wells of 96well flat-bottomed tissue culture plates (10 3 cells per well) in quadruplicate and allowed to adhere overnight. Cell proliferation was assayed over the following 2-4 days using WST-1 (Roche Diagnostics). Quantification was with a microtiter plate reader (Beckman Coulter DTX 880 Multimode Detector) at 450 nm. Data from daily measurements were normalized to the averaged 24 h readings for each individual cell line. Semi-log plots were generated with GraphPad Prism 7 software with data from at least 3 replicates.
Sample preparation for SDS gel analysis
Cell lysates of Flp-In lines were obtained with a RIPA buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na-EDTA, 1 mM Na-EGTA, 1% NP-40, 1% sodium deoxycholate, and protease inhibitor cocktail (Complete Mini, Roche Diagnostics, Mannheim, Germany). Lysed cells were scraped from plastic dishes, homogenized with a pellet pestle motor homogenizer (Kimble Chase), and centrifuged at 5000 ×g for 10 min at 4°C. The pellets were discarded, and the supernatants were assayed for protein using the Lowry method.
Western blots
Gel electrophoresis was in Nu-Page 4-12% gradient Bis-Tris NuPage gels (Life Technologies) followed by transfer to nitrocellulose. Mouse pan-specific antibody 9A7 (gift of Dr. Maureen McEnery, Case Western Reserve University, Cleveland, OH) was employed to detect the total amount of alpha subunit isoforms. Monoclonal antibodies 6F (Developmental Studies Hybridoma Bank) or M17-P5-F11 (gift of Dr. W. James Ball, University of Cincinnati) were used to detect human α1 and β1 subunits of Na,K-ATPase, respectively. α3 subunit of Na,K-ATPase was detected with the goat peptide-directed antibody C16 (Santa Cruz Biotechnology). Actin-HRP antibody was from Santa Cruz Biotechnology. Secondary antibodies were HRP-conjugated, and final detection was with chemiluminescence (WesternBright ECL, Advansta, CA). An LAS 4000 imager (GE Healthcare Life Sciences) with ImageQuant software was used for the analysis of Western blots. All analyses were performed with a minimum of 3 biological replicates, and actin was used as a loading control for all samples for quantification. When protein induction is large compared to the basal level, the accuracy of blot quantification is limited by the accuracy of background subtraction: three different ImageQuant automatic background subtraction methods were employed, and the results averaged for a bestestimate of expression differences. was for 1 h at 37°C. Western blots were stained with M17-P5-F11 antibody against β1.
Biotinylation detection of surface proteins
Biotinylation was performed largely as described (Vagin et al., 2008) . Briefly, Flp-In lines were grown until confluent in 12-well plates. Before treatment, plates were put on ice, cells were washed twice with ice-cold Dulbecco's PBS containing 1 mM CaCl 2 and MgCl 2, pH 7.4 (D-PBS), and then treated with either biotinylation reagent (EZ-Link-Sulfo-NHS-SS-Biotin, 1 mg/ml in D-PBS) or D-PBS for 30 min at 4°C on ice. Quenching was with 50 mM NH 4 Cl for 15 min on ice followed by two washes with ice-cold D-PBS. Lysis was with RIPA buffer (above) for 1 h on ice. Cells were scraped, homogenized, and the suspension was centrifuged at 15,000 ×g for 10 min at 4°C. The pellets were discarded, and the supernatants were incubated with rotation with 50 μl streptavidin-bound agarose beads (Vector Laboratories, Burlingame, CA) in buffer A containing 15 mM Tris-base, 0.5% Triton X-100, 4 mM EGTA, and 150 mM NaCl, pH 8.0. After 1 h, the beads were washed with buffer A with low salt, 150 mM NaCl, and then high salt, 0.5 M NaCl. Low ionic strength elution was performed with buffer A containing no NaCl. Western blots were stained with antibodies against β1.
Immunofluorescence
Flp-In lines were grown in 8-chamber glass slides (Nunc or CellTreat Scientific) until confluent, fixed with 4% PLP (paraformaldehyde/lysine/periodate), treated with 1% SDS in PBS for antigen retrieval, and blocked in 1% bovine serum albumin in PBS supplemented with 0.2% Triton X-100. The 6F, M17-P5-F11, and C16 antibodies for Na,K-ATPase mentioned above were also employed for immunofluorescence. Incubation with primary antibodies was overnight at 4°C. Detection was with Alexa Fluor-conjugated secondary antibodies (Life Technologies). Images were collected with a Nikon Eclipse E800 fluorescence microscope using Nikon NIS-Elements imaging software. Conventional microscopy was used rather than confocal because it captured more of the observed gross structural abnormalities in cells that tend to mound and present an irregular surface.
qPCR
Total RNA from 10 6 α3WT Flp-In cells with and without tet induction was isolated with the RNAeasy kit (Qiagen), and single strand DNA was synthesized with the iScript Advanced cDNA kit for RT-qPCR (Bio-Rad) in accordance with manufacturer protocols. The primers were the following: α1FWD GAACAGACTTGAGCCGGGGA; α1REV CCCCAA AGAGCTGCCGACAA; α3FWD TCACCCAAGAAGAACAAGGGCA; α3REV TCCGGCAGACCTCTTCCACT. qPCR analysis was performed on the Applied Biosystems StepOnePlus Real-Time PCR System. Actin mRNA was used as the internal control.
Results
New ATP1A3 mutations and clinical phenotypes
The new mutations reported here include two cases of RDP; one case with cerebellar atrophy that is ataxia-predominant but also has symptoms of RDP; one case of severe EIEE with apnea; and one case suspicious of late-onset RDP but with a variant that is typically not predicted to be disease causing because of its frequency in controls [i.e. a variant of unknown significance (VUS)].
p.Asp366His
The patient was a male of European ancestry, 55 years old at examination, with a history typical of RDP (Haq et al., 2019) . He reported onset of symptoms at 16 years of age triggered by running on his high school track team, where running became slower and more labored. Psychological stress was also present at onset. Speech and left arm and leg were affected with dystonia first. Symptoms gradually stabilized 1-6 months after onset. Speech, swallowing, left arm and leg, neck and both hands were affected at the time of interview, and UPDRS score for parkinsonian symptoms was 54. No second episodes or learning difficulty were reported. He ambulated independently, although he reported some falls. MRI was normal. Sanger sequencing showed ATP1A3 c.1096G > C, p.Asp366His (the transcript used is NM_152296, ENST00000302102). During ATP hydrolysis the terminal phosphate of ATP is transferred to this exposed aspartate in the active site, forming a labile high-energy phosphoester bond essential for ion transport. Experimental mutations of this site have been made in a number of labs, and Na,K-ATPase activity and ability to be phosphorylated during turnover have always been abolished, even with the conservative substitution of glutamate for aspartate (Ohtsubo et al., 1990; Liang et al., 2006) . There is a Hailey-Hailey disease-related mutation of the corresponding aspartate in the SERCA Ca 2+ -ATPase ATP2C1, c.1049A > T, p.Asp350Val (Cheng et al., 2010) .
p.Asp742Tyr
The patient was a male of European ancestry, 45 years old at examination. Based on detailed parental notes, he had psychomotor delay, learning disabilities, and showed ataxic gait as soon as he started walking. He did not experience acute neurological episodes of any kind, and he was stable during childhood and adolescence with mildly disabling symptoms. In adulthood, his gait worsened due to a mild worsening of cerebellar functions, the onset of mild pyramidal signs, and mild dystonic postures that progressed over several years. He was able to walk without aid and work in a protective environment. On exam, ataxia, mild dystonic postures, bradykinesia and a masked face were observed, consistent with ataxia-RDP. MRI showed severe cerebellar atrophy (Supplement Fig. S1 ), similar to a p.Gly316Ser ataxia-RDP patient previously described (Sweadner et al., 2016) . Exome and Sanger sequencing showed de novo ATP1A3 c.2224G > T, p.Asp742Tyr. There is a recent report of an unrelated female patient with the same mutation (c.2224G > T, p.Asp742Tyr) but with onset of paroxysmal motor symptoms at 6 weeks of age, seizures, apnea, and severe developmental delay. MRI at age 16 in that case showed parietal temporal atrophy and a short corpus callosum (Marzin et al., 2018) .
p.Asp743His/p.Ser729Tyr
This 38 year old woman of European ancestry proved to have two de novo mutations in ATP1A3. Symptoms were characteristic of RDP with gradual progression. Age at onset was 22 years with neck stiffness that evolved to frank posturing. One to two months later she developed dysarthria, restriction in mouth opening, and deterioration of handwriting with micrographia. After 3 months, she started dragging her right foot. Her walking worsened 2 years after onset. Over the next 3-4 years she developed dystonic symptoms in both hands. She received botulinum toxin injection for blepharospasm, lower cranial dystonia, especially jaw closure, cervical dystonia, and bilateral distal arm dystonia. Sinemet and Artane were without benefit; there was some response to clonazepam. At last exam there was prominent cranial-cervical dystonia that was generalized to involve both legs, and only minimal parkinsonism. Sanger sequencing showed de novo c.2186C > A, p.Ser729Tyr and c.2227G > C, p.Asp743His.
Both variants are in the same exon of ATP1A3. To test for compound heterozygosity, the region of interest was recovered by PCR from patient genomic DNA and inserted in plasmids for transformation of E. coli. Eight isolated subclone colonies were picked and sequenced. Four had both variants and four had neither variant, demonstrating that both variants are on the same strand. Each variant was tested for function separately in the survival assay, as detailed below (Table 1) , and the results indicated that p.Asp743His is pathogenic. The survival of cells transfected with p.Ser729Tyr is inconclusive, but it was not studied further because it is at the surface in the Na,K-ATPase structures.
p.Leu924Pro
The patient was a male child of mixed ancestry born at 36 weeks. Symptoms of apnea appeared at 3 days. EEG was monitored for apneic spells, and EEG abnormalities were noted at 36 days. Epileptifom discharges were seen from 2.5 months, eventually including focal status epilepticus. MRI without contrast at 1 month was normal, but he had microcephaly with head circumference around the 1st centile at all ages. He died during an apparent apneic spell following seizure at age 2 years. Whole exome sequencing revealed de novo ATP1A3 c.2771T > C, p.Leu924Pro. The symptoms resembled the previous cases described for G358V and I363N (Paciorkowski et al., 2015) , however neither of those mutations had enough activity to support cells in the survival assay, but L924P did (Table 1 below). Because of the uncommon clinical presentation, an extended case description is in the Supplement.
p.Arg463Cys
The patient, a male of European ancestry, developed a right leg tremor at age 61, followed by right-hand rest tremor. Two days after tremor onset he developed flexion dystonia in the extremities of the right side. He did not report any potential triggers. Over months his dystonia fluctuated in severity but grew more painful, and episodic spasmodic dysphonia developed. MRI of the brain was not informative. At initial exam mild symmetric hyperreflexia without Babinski signs was observed, and he was hypophonic with mild dysphonia. He demonstrated a typical parkinsonian 6-8 Hz resting tremor in his right arm and hand as well as limited dystonic posturing. Two years after symptom onset his symptoms had worsened subjectively but remained fairly constant on exam (UPDRS-III of 43 in 2009, 46 in 2011), with neck flexion and posturing now of his left leg and foot, and a moderate tremor limited to the right hand and leg. His exam was otherwise normal. He was initially significantly levodopa responsive (50% on 200 mg levodopa 2 years after onset, 22% 4 years after onset) and had a bilaterally and asymmetrically abnormal DaT scan.
Sanger sequencing showed c.1387C > T, p.Arg463Cys. The same variant appears in gnomAD 127 times, giving it a frequency of 4.489e−4 overall and a frequency of 7.74e−4 among Europeans. It has been seen in at least three other unpublished ATP1A3 candidate AHC or RDP patients that we are aware of. Although it is predicted to affect protein function by SIFT, the arginine is exposed at the surface where pathogenicity seems less likely, and it supported cell life in the survival assay (Table 1 below) . Although R463C lacks experimental support as a causative mutation, possibilities such as increased sensitivity to oxidative stress due to the introduction of a cysteine at the protein surface cannot be ruled out. Because of the RDP-like presentation, an extended case description is in the Supplement.
Screening variants for functional impairment
The survival assay is a useful test of the functional capability of Na,K-ATPase variants expressed in live mammalian cells. When mammalian cells (HEK 293, HeLa or COS) are treated with ouabain to inhibit the endogenous α1 Na,K-ATPase, acidification of the medium due to metabolism stops, and death of all of the cells follows within 48 h. Prior transfection with a ouabain-resistant Na,K-ATPase (ATP1A1, ATP1A2, or ATP1A3 modified with two benign mutations near the ouabain site) (Price and Lingrel, 1988) rescues cell survival and growth. Impairment of survival or of growth rate is validating evidence for mutation pathogenicity, however survival of cells and normal growth may require as little as 5-15% of normal ATPase activity (Jewell-Motz and Lingrel, 1993; Holm et al., 2016) . Many pathogenic ATP1A1, ATP1A2, and ATP1A3 mutations have been shown to allow no cell survival at all, but others support growth and have functional modifications. Table 1 shows the survival of human ATP1A3 mutations that have been investigated in our laboratories using transient transfection of HEK 293, with the corresponding patient phenotypes. Mutations were selected to represent a wide range of phenotype severity including RDP, AHC, and EIEE. Also included was the VUS R463C that has a 4.5/ 10,000 incidence in gnomAD. There are two important takeaways from Table 1 . The simple prediction that mutations with low or no activity (no survival) in the survival assay should correlate with phenotype severity, does not hold up. Mutations supporting no survival at all can be found in a range of phenotypes: mild RDP cases (D366H, D743H), the most common AHC mutation (D801N), more severe AHC cases with seizures (E815K), and fatal EIEE (G358 V). In contrast, the novel mutation found in the fatal EIEE case described above (L924P) did support survival.
Isogenic stable cell line growth rate
The lack of correlation between cell survival and the severity of patient phenotype le us to consider the cell biological consequences of mutations, such as misfolding and trafficking. For uniformity, stable isogenic cell lines were produced in Flp-In T-REX 293 cells for expression of tetracycline-inducible, ouabain-resistant ATP1A3 cDNAs with and without mutations, each inserted at a fixed FRT recombination site. The cell lines included α3WT; D366H; two pairs of adjacent amino acids associated with contrasting phenotypes, D742Y, D743H, and D923N, L924P; E815K (a representative AHC mutation); and the VUS, R463C.
After propagation of the ouabain-surviving lines for 5 or more passages with or without 3 μM ouabain, logarithmic growth rates were compared using the cell proliferation reagent WST-1 (Fig. 1 ). The first graph in Fig. 1a shows the Flp-In line with wild type ouabain-resistant α3 subunit in three conditions: without tet induction of α3WT, with tet induction, and with tet induction and enough ouabain to inhibit the endogenous α1. Growth rate was not significantly altered. Then the growth rates of three mutations that do have enough activity to support cell survival are compared with and without ouabain in Fig. 1a . Growth rates were not significantly different in the absence of ouabain or in its presence for the VUS R463C, but D923N and L924P grown chronically in ouabain showed transient lags followed by recovery to the rates shown by α3WT. The lags were statistically significant by 1-tailed t-test with equal variance. The lags suggest a slower rate of recovery from trypsinization and replating when the cells depend on the activity of exogenous mutant α3. This explained our observation that those lines were slower to grow during routine cell culture. Fig. 1b shows the growth rates of Flp-In lines for D366H, E815K, D742Y and D743H, which do not survive in the presence of ouabain. Their growth rates, necessarily dependent on endogenous α1, were not significantly different from α3WT.
Representative pairs of mutations
We selected four mutants to investigate further. Two were from patients with relatively mild symptoms without abnormal brain MRI (D923N and D743H), and two were from patients with symptom-associated regional atrophy or microcephaly (D742Y and L924P). The mutations selected are also pairs of adjacent residues, one associated with neuron loss and the other not. Fig. 2 illustrates how the side chains of each member of a pair point in different directions and have different structural roles despite their proximity.
Induction of the stable α3WT transfectant cell line by tetracycline increased ATP1A3 mRNA levels 13.1-fold ± 5.1, as calculated by qPCR with the ΔΔCτ method, but did not affect the level of ATP1A1 mRNA (1.02-fold ± 0.47) (5 independent biological replicates). This rules out an effect of the exogenous ATP1A3 on the mRNA level of the endogenous ATP1A1. In similar qPCR experiments (3 biological replicates), the relative amounts of ATP1A3 mRNA showed no significant differences by 2-tailed t-test for α3WT, D923N, L924P, D743H, and D742Y (average 1.43 ± 0.36 S.D., P = 0.3).
Competition between α subunits
When tetracycline was added to induce expression of ATP1A3, the level of α1 protein was reduced both acutely and at steady state. Fig. 3a shows a representative blot illustrating the increase in expression of α3 protein and an accompanying reduction in α1 upon tet induction for 24 and 48 h. Fold-changes in protein expression are quantified in Fig. 3b . The reduction in α1 is an expected feature of Na,K-ATPase biosynthesis: newly synthesized α and β subunits must assemble into an αβ protomer before leaving the endoplasmic reticulum (Geering, 2001; Gatto et al., 2001; Tokhtaeva et al., 2009) . It is known that the total amount of Na,K-ATPase alpha subunit stays fixed when an exogenous subunit is introduced to compete with it (Devarajan et al., 1992; Rajasekaran et al., 2004; Clifford and Kaplan, 2009 ). This can be readily understood if the nascent α subunits co-translationally compete for β subunits. Blots stained with a pan-specific α antibody showed no change in total α: the average change in protein was 1.04 ± 0.085 for 3 biological replicates each of α3WT and all four mutants. Fig. 3c shows the semi-quantitative relationship after 24 h of tet induction between the expression of α3 and the suppression of expression of α1 in the isogenic Flp-In cell lines for α3WT and the four mutations. The mutation with the least expression also had the least impact on α1 protein level.
Even after prolonged culture of ATP1A3 mutations in tet-containing media, competition for β subunit affected the expression level of α1. Fig. 3d shows representative blots for two isogenic cell lines grown for > 5 passages with tet induction. D923N expressed more α3 than L924P and the opposite was found for α1, but the total detected by the pan-specific α antibody was unchanged. Fig. 3e summarizes average changes in the levels of α3 and α1 at steady state in tet for the four mutant cell lines. The values obtained in the control α3WT were taken as 1, and the chart shows the increases or decreases in each line relative to that standard. D923N was well-expressed with~15% lower α3 than WT and with~15% higher α1. The mutations L924P and D743H were similar in showing half the level of α3 than α3WT and double the level of α1 than α3WT. D742Y had the lowest expression of α3 but the increase in α1 was not significantly higher than with the other mutants, suggesting that a maximum may have been reached.
Impairments of post-translational processing of beta subunit
When expression of mutated α3 was turned on with tet, altered glycosylation of β subunit was observed with some mutations and not others. The nascent β subunit has a molecular weight of 32 kDa, but Nglycans are added in the ER at three intraluminal (future extracellular) sites. The N-glycans serve as binding ligands for the lectin-like chaperones calnexin and calreticulin and play a critical role in protein folding and trafficking (Tokhtaeva et al., 2010) . N-glycan addition in the ER is a high-mannose form, and the β subunit in this compartment has an apparent molecular weight of~40 kDa on SDS gels. Subsequently the N-glycans are modified in the Golgi apparatus, forming β subunits migrating at higher molecular weight due to differences in the extent of glycan branching and to the negative charge of sialylation. The mature N-glycan β traffics to the cell surface with its α subunit partner.
When cells were induced by tetracycline to steady state and grown continuously with or without ouabain, most of the β subunit of α3WT and D923N was in the mature, fully glycosylated form, although traces of nascent apo-β and a weak band corresponding to immature glycosylation could sometimes be seen (Fig. 4a) . In contrast, more than half all concentrations were sufficient, and some were in excess. Note that while four mutations presenting with severe phenotypes showed no survival in ouabain, another two mutations presenting with mild phenotypes also did not survive (boldface). L924P is a mutation with severe phenotype (fatal in this case) yet cells survived. Independent recurrence of each mutation is stated; one family is one occurrence. VUS: variant of unknown significance. * These two variants occurred in the same patient. WT OR , ouabain-resistant wild type ATP1A3. References: 1) (de Carvalho Aguiar et al., 2004) , 2) (Yang et al., 2014) , 3) (Boelman et al., 2014) , 4) (Sweadner et al., 2016) , 5) (Paciorkowski et al., 2015) , 6) (Viollet et al., 2015) , 7) (Marzin et al., 2018) , 8) (Heinzen et al., 2012) , 9) (Roubergue et al., 2013) , 10) (Anselm et al., 2009) , 11) (Zanotti-Fregonara et al., 2008) .
of the β stain in L924P cells migrated to where the immature form is expected, again with or without ouabain. Scans of blots showed that the sum of the two major bands was equal to the mature β band in α3WT. The lower molecular weight band was not increased in L924P cells until acute induction of α3 with tet (Fig. 4b) . The epitope for the anti-β antibody is at approximately amino acid 200 (out of 305) (Sun and Ball Jr., 1994), and so it was possible that the new band in L924P cells was due to proteolytic cleavage at either end of the protein. To test this, two experiments were performed. First, preparations isolated from α3WT and L924P cultures with and without tet induction were treated with PNGase F (peptide-N-glycosidase F) to remove all N-glycans. Fig. 4b shows that all β bands were reduced to the size of nascent, unglycosylated β, demonstrating that the β subunit in L924P was still fulllength. The data also illustrate that the amount of β was not changed by Fig. 1 . Growth rates of isogenic cell lines expressing wild type or mutated ATP1A3. In all cases, cells had been maintained in the indicated mixture of drugs. BH: blasticidin and hygromycin, antibiotics used to ensure the stability of the constructs. In this condition only endogenous ATP1A1 is expressed. BHT: BH with tetracycline to induce the exogenous ATP1A3 construct. BHTO: BHT with 3 μM ouabain to inhibit the activity of endogenous ATP1A1. Cells were trypsinized and replated at time zero. (a) These four cell lines all had enough ATP1A3 activity to support life in the survival assay and were grown with and without ouabain. R463C cells had a growth rate similar to WT, but D923N and L924P cells both consistently exhibited lags in growth after plating. (b) These four cell lines died when treated with ouabain, and so they were grown without it so that endogenous α1 was active during growth. tet induction of α3WT or L924P. Second, β subunits at the plasma membrane were biotinylated by impermeable biotinylation reagent, and the biotinylated proteins were collected with streptavidin beads and analyzed by western blot. Fig. 4c shows that the band at~40 kDa was not biotinylated, demonstrating that its trafficking to the plasma membrane was blocked. L924P cells had a significant proportion of β in fully-glycosylated form. This most likely reached the plasma membrane partly with endogenous α1 and partly with an unknown fraction of α3 that trafficked correctly. We know that some L924P α3 trafficked correctly because of the cell survival assay data of Table 1 and the growth rates of Fig. 1a , when α1 was inhibited by ouabain. We surmised that L924P trafficking was impaired but not abolished, and that detection of the immature form of β is a marker of this impairment. The expression of D742Y was also accompanied by the appearance of a high proportion of immature β, while D743H behaved like α3WT (Fig. 4d ). Because all experiments with both D742Y and D743H were necessarily performed without ouabain, β subunit was partially retained in D742Y despite the availability of α1 to support cell growth. This is consistent with misfolding and ER retention as the cause, the expected consequence of the unfolded protein response (UPR) (Karagoz et al., 2019) . Not shown is that three other mutations from Table 1 and Fig. 1, D366H, R463C , and E815K, did not result in accumulation of immature β. D366H is inactive because of the aspartate's role in catalysis.
Cytopathology and aberrant trafficking
Light microscopy with immunofluorescence for α3 and β1 was used to investigate the distribution of Na,K-ATPase subunits when ATP1A3 was mutated. The microscopy also revealed cytopathology that differed between mutations. Fig. 5a shows cells expressing α3WT under tet induction. The double-label stain for α3 and β1 was largely coincident as expected. The cells tended to be in smooth, closely-packed monolayers or mounds. A distinctive polygonal appearance results from the tight apposition of healthy adjacent cells. Prior work in other cell lines has shown that this is due to β subunit-mediated intercellular adhesion (Vagin et al., 2008) . Fig. 5b-e show representative examples of the cell morphology and distribution of subunits for D923N, L924P, D742Y and D743H. D923N and D743H resembled α3WT in that there was a polygonal cell appearance and a majority of both subunits had a plasma membrane distribution. Nonetheless there was also some intracellular stain and there were bright concentrations of stain in some cells, possibly aggregates, and occasional large blebs at cell interfaces. L924P had (a) D742 and D743 are adjacent aspartates at a junction between protein domains. They are on an unstructured link between the second part of the P domain (P2) and transmembrane span M5. (left) D742 (colored in CPK) has polar interactions with two asparagines (dark blue), one at the beginning of P1 and one at the end of P2. Substitution with a bulky tyrosine (D742Y) may impede the folding of the two parts of the P domain. (right) D743 (also colored in CPK) points down toward the active site where Mg +2 is positioned. D743 interacts with 3 local residues in P2 and with an arginine (dark blue) located at the beginning of the N domain; D743 and R586 do not appear to form a strong salt bridge. Substitution with hydrophilic histidine may not affect protein folding but may impact the active site. (b) D923N (blue) and L924P (magenta) are adjacent residues that also point in different directions. (left) K + -bound conformation (2 pink spheres); (right) Na + -bound conformation (3 orange spheres). D923 on M8 is close to T771 and S772 on M5, residues that bind the third sodium ion. The empty sodium binding site is marked with a dashed circle in the K + conformation. T771 and S772 produce AHC when mutated, while D923N produces RDP or AHC. D923N is well-known to have residual activity and to reduce affinity for sodium (Einholm et al., 2010; Holm et al., 2016) . L924 (magenta) has a distinct structural role. While most transmembrane spans in polytopic membrane proteins intersect each other at angles, M8 and M9 are very parallel. They are held together by a zipper-like structure of opposing residues (light green). L924 (magenta) interacts with two opposing leucines in the zipper near its base where the M8-M9 hairpin establishes the position of the 8-9 loop, an important part of the structure. Substitution of L924 with a proline will disrupt the helix at that position, so it is likely to cause misfolding and may displace both D923 and the 8-9 loop. The structures are PDB codes 2ZXE (Shinoda et al., 2009 ) and 3WGU (Kanai et al., 2013) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) E. Arystarkhova, et al. Neurobiology of Disease 132 (2019) 104577 relatively faint plasma membrane stain for α3 and prominent accumulations of stain for β subunit in cytoplasm; its blebs contained both α3 and β1 (not shown). D742Y had almost all of the α3 stain located intracellularly, while β subunit was both at the surface (presumably with endogenous α1) and intracellular. D742Y was notable for having lost most of the polygonal interaction planes between cells. The cytopathology was qualitatively consistent with the observation that some mutations (D923N and D743H) had mostly mature β subunit, while others (L924P and D742Y) had substantial immature β subunit. L924P clearly had some α3 stain that trafficked correctly, while D742Y apparently failed to traffic.
Discussion
To date there are no recessive mutations in ATP1A3, and so either haploinsufficiency or dominant effects are assumed to be causative. The significance of the findings reported here is that misfolding of α subunit and allele competition for β subunit are factors distinct from changes in Na,K-ATPase activity or kinetics for the potential to cause disease. This means that for each mutation, there are interdependent forces contributing to a sliding scale of deleterious impact at the cellular level. Any given mutation may produce a combination of effects on activity, misfolding, and the competition of WT and mutant alleles for β. This predicts a heterogeneity of pathogenicity that may go a long way toward explaining the wide range of human phenotypes observed with different ATP1A3 mutations.
Some predictions can be made based on this framework: there are at least four ways that things can go badly. First, a mutated protein that folds as well as the normal allele should be trafficked to the plasma membrane in a 50:50 ratio with the normal protein (Fig. 6a ). That would be the worst outcome in the event of a gain-of-toxic-function mutation like ion leakage, but not if a mutation was simply inactive. Second, a mutation that disrupts folding of the C-terminal third of the protein (the location of the obligatory β binding sites) might have Error bars show standard deviations. The reduction of α1 was not significantly different for WT, D923N, and D743H. (d, e ) Chronic addition of tet produced reduced α3 and increased α1 at steady state, i.e. after > 5 passages in tetcontaining medium. (d) A representative blot showing that the level of total α subunit was equal in D923N cells and L924P cells, as detected by a pan-specific antibody 9A7, while the two cell lines differed in the levels of α3 and α1. (e) The steady state results for the four isogenic cell lines were normalized to the levels of α3 and α1 in α3WT (=1.0). Shown are averages of 3-5 biological replicates in chronic tetracycline. Fig. 4 . Retention of β in endoplasmic reticulum. (a) Cells were grown continuously in tet with or without continuous ouabain to inhibit α1. Blots were cut, and blot pieces were stained separately for α3 and β1. The expression of α3 was reduced for L924P relative to α3WT and D923N, as also seen in Fig. 2 . The majority of β subunit migrated at 55 kDa in the α3WT and D923N cells, while more than half migrated at~40 kDa in L924P, the position of β with highmannose N-glycans in the ER. (b) On the left, L924P cells did not accumulate immature β until tet induction of mutant α3. On the right, removal of all Nglycans with PNGase F reduced both the mature and immature N-glycan forms of β to the mobility of the intact apoprotein, 30 kDa. (c) When cells were biotinylated with an impermeable reagent, only the mature form of β was recovered with streptavidin beads, not the immature N-glycan form, consistent with its residence in the ER. reduced impact: the α from the mutant allele will not compete with the normal allele if it is incapable of interacting with β (Fig. 6b ). This could make more β available to the nascent α chains from the good allele for a better-than-haploinsufficient result, such as reported for some Na,K-ATPase mutations in Drosophila (Ashmore et al., 2009 ). In the ER, chaperones like BiP will assist in extruding the unfolded mutant alpha from ER to cytoplasm, followed by ubiquitination and proteasome degradation (ERAD), a system that is constitutively active to deal with the normal background of errors in translation and folding. Third, a misfolding mutation that does complex with beta will engage in calnexin or calreticulin-mediated cycles of refolding, and it has a chance of succeeding and trafficking to the Golgi and beyond, even though defective (Fig. 6c ). α subunit does not have the N-glycans required for association with those chaperones. In the event of an increased burden of misfolded protein, the unfolded protein response (UPR) will expand the ER and upregulate proteins that facilitate folding adaptively (Karagoz et al., 2019) . This could impact the effect of gain-of-toxic-function mutations. Aggregates of misfolded protein will activate autophagy as another protective UPR response. Fourth, if expansion of the ER and autophagy are insufficient, the UPR will induce apoptosis, leading to neuronal cell death (Fig. 6d) . In extreme cases, that likely leads to pre-and post-natal microcephaly, and in less extreme cases may account for the progressive regional atrophy detected by MRI. All of these possibilities are types of biosynthesis defects, and they will impact the competition of WT and mutant alleles, further influencing the clinical outcome.
In these experiments, D742Y and L924P showed β retention and the lowest expression. The two known D742Y patients both exhibited atrophy in the brain, although in different locations, parietal temporal cortex and a short corpus callosum in one case and cerebellum in the other. Atrophy in the patients is consistent with the D742Y cytopathology seen here if we postulate that the UPR was driven to the point of apoptosis. The patients differed in severity of symptoms, possibly related to the location of the atrophy. The adjacent mutation D743H showed much less evidence of cytopathology in culture and no retention of β subunit, and it was associated with a milder, RDP phenotype. L924P had α3 levels as low as D742Y and correspondingly high α1. Proline substitutions often lead to misfolding because they force a change in backbone direction, and that is particularly a problem when they are introduced into an α-helix as here, because it will change the rotation of its nearest neighbors. In the Flp-In cell line, however, a fraction of the expressed L924P did fold and traffic to the membrane with enough activity to keep the cells alive in the survival assay. Fig. 6 . Alternative fates of ATP1A3 mutations. There are four ways that Na,K-ATPase mutations can navigate the biosynthetic pathway: (a) unimpaired folding and biosynthesis; (b) irremediable misfolding followed by proteasomal degradation (ERAD); (c) successful chaperone-assisted folding, which delays biosynthesis; and (d) failed chaperone-assisted folding. The chaperones illustrated (BiP/GRP-78, calnexin, and HSP70) are just representative of different chaperone classes. The factor that makes the consequences of Na,K-ATPase mutations difficult to predict is the competition that must occur between mutant and normal ATP1A3 alleles for β subunit. In (a), well-folded mutant and normal α subunits should compete equally well for β and achieve a 50:50 ratio in patient neurons. In (b), misfolded α3 incapable of binding to β will be degraded by ERAD. In this case only WT α3 subunits will succeed in reaching the plasma membrane, leading to a mild phenotype. Mutant α3 degradation may also increase the pool of β subunit available to nascent chains from the normal allele. In (c), association of mutant α3 with β will lead to delayed folding (Tokhtaeva et al., 2010) and potentially to a less-than-50:50 ratio of mutant to normal α3 at the membrane. This could lessen the effect of gain-oftoxic-function mutations. In (d), prolonged retention of β subunit in the ER could effectively sequester β subunit and lead to further reduction of Na,K-ATPase expression, protein aggregation, and the triggering of autophagy and apoptosis. Any given mutation could lie between these four extremes. Superimposed on the outcomes for (a, c, and d) will be any functional effects of mutation on the activity or kinetics of the folded and trafficked protein.
Nonetheless, the patient was severely affected and had microcephaly. From this we postulate that the defect in biosynthesis was toxic on its own, by inducing apoptosis. That would not necessarily be obvious in cell lines with 24 h doubling times, but in vivo it should accrue in developing or post-mitotic neurons. The adjacent residues D923N and L924P also had contrasting properties. D923N, which has been wellstudied and reduces Na + affinity by its effect on the third ion binding site (Holm et al., 2016) , appeared to be almost as well-expressed as the normal allele; was accompanied by strong competition with α1; and displayed no retention of β. However, the cells also showed a lag in growth and routinely took longer to propagate when grown with ouabain to inhibit α1.
Other members of the broader P-type ATPase family have some human mutations subject to misfolding, including ATP1A2 (familial hemiplegic migraine) (Coppi and Guidotti, 1997) , SERCA2C1 (Darier disease) (Wang et al., 2011) , ATP7A (Menkes disease) (Vonk et al., 2012) , ATP7B (Wilson's disease) (Dmitriev et al., 2011) and ATP8B1 (intrahepatic cholestasis) (Hegde et al., 2017) . However, of these, only the paralog ATP1A2 and the lipid flippase ATP8B1 also have a β-like subunit obligatory for ER exit (Paulusma et al., 2008; Tokhtaeva et al., 2012) . Like ATP1A3, ATP8B1 mutations also manifest in severe and mild forms, and it is interesting to predict that allele competition and the degree of misfolding will contribute to severity there as well.
There are additional potential sources of patient phenotype variability between mutations. One is that the burden of misfolding and the UPR may impact different classes of neurons to different degrees, based on baseline rates of Na,K-ATPase biosynthesis, size, and axon and dendrite targeting. The normal relative proportions of α1 and α3 differ between types of neurons as well, with the result that in many neurons, competition between WT and mutant alleles of ATP1A3 will also be complicated by a reduction of α3 relative to α1 (Azarias et al., 2013) . And of course, a source of variability between individuals with the same mutation is that genetic background may make some people less resilient to misfolding mutations than others. An intriguing example is the cerebellar atrophy of a patient with ATP1A3 p.Gly316Ser who also had a de novo mutation in UBQLN4, an adaptor protein for ubiquitin ligases (Sweadner et al., 2016) .
This conceptual framework cannot answer every question, not the least because there are cases where identical ATP1A3 mutations have produced different clinical outcomes, as shown in Table 1 . The experiments here implicate the UPR, however more investigation is needed to understand which of its arms are activated, how the responses differ between mutations, and how it impacts neurons. Understanding the involvement of the UPR, and whether its actions are beneficial or toxic for each ATP1A3 mutation, is relevant to the development of treatments for ATP1A3 diseases because of the potential for using chemical chaperones or innovative methods to promote protein folding (Hegde et al., 2017) .
